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A BS T IIACT

Modern Naval wiapon and sen~sor systsms are strorgly

*-influenced by the marine env ircn: n Foremost amorng the

**atmospheric 9effects is ducting of- =.s~tr:)magnet Ic energy by

refractive layers in ths atmosohere. T: assess the effect

*of ductin~g on. elect: zagrneti ~sons-,i=al :hs Navy davelopsd

the integrated Refractive Effe::ts P :conSystem (IREPS).

Pesearch at Naval Pcs-tgraduate Scnocl (tIPS) has led to

development of a s at-of-4h-1 hc cnb sdt

prediAct, changes to the r ef 1 t.LVeP DrOfile Of the lowe:

atmosphere. Thle m,7 del us-3s :ad_-ozcrda dat-a and surfacs

meteorological observAtions t, r ? changss in refractive

conditions an~d low level cl1ouI/.!,g &:ma~ion over 18 to 30

hour peri.ods. The mvdel showF sorn ski-Ll in fozecas:"na

duct regions when s ubsien c s r 4-s cari be specified -o

wi.thin, +/-.0015 rn/s. Thi*s e:s~stea~i~i yo

the NPS mari-ne atmosrheric zixd :ayc-:r m-,Iel -Io fleet tac-

::cs. Atmospheric ~r ac t I a3 ef P at.- on specifi em-ters

car. be predicted when -i~ _:Ac~cS are Sedico u-

.ion with 7PEPS.
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I. INTRODUCTION

Over the centuries military leaders have learned -o

appreciate and take advantage of the effects of the envi:cn-

ment, and when they failed to lo so, have met with disaster.

As it approached the islands of Japan ir th'e thirteenth cen-

tury, Ghenqis Khan's Mongol invasizn flest was destroyed by

a typhoon. From August to October 1598 the Spanish Armada

was beset by storm after storm which resulted in the sinking

of many ships and failure of Spain's attempted invasion of

Britain. On D-Day, June 6, 1944, the allied invas-:ion force

n ook advantage of predicted good weather between storms and

made 4he amphibious assault across the beaches of Normandy.

In December cf the same year Admiral Halsey's Third Flee-

was caught preparing to reful by an undetected typhoon,

causing 29 ships to be crippla, 156 ai-rplanes to b lcst,

and the destroyers SPENCE, MONAGHAN, and HULL to be sunk

(Nash 1976).

Modern naval warfare techaolcgy is ;roviding increa-

,naly capable and complex, but environmen-a!y deoendent

* wsapons/sfnscr systems. Not only the s.ver - sea and weather

conditions must be predicted to r,tain advan-age over adve:-

saries, bu- also environmennl fa ctozs which enhance or



dzqrade a wide range cf weapon and sensor systems which ui-

l ize electromaqnetic (EM) propagation. Elactromagnetic fre-

quencies above the HF (3-30Mhz) band can be greatly affected

* by atmospheric refraction.

A condition known as duzting occurs when a rfractive

layers cause EM energy to bend tcward the ear-h at a rate
q:.-eate than or equal zo the earth's curvature. Ducting

occurs with certain critical verti-al gradients of tempera-

" itre and humidity, an can cause both i.creased radar and

:a ic ranges, and holes (gaps) in normal -overage.

Tactical advantages exist by knowing duct locatiors.

- T .- se advantages include being able to make realistic esti-

mates of ESM detection and counter detection ranges. Th:s

would enable commanders to make dezisions conce=rning emis-

sion control (EMCON), the posit ioning of both air and sur-

race surveillance assets, the a!titud? and flight profiles

fcr strilke aircr:aft to mini::mize d9etec-Ion,, the placemart or

S=ectrcnic jammers fcr maximum effect, and numerous other

- . tactical considerations.

Ducting commonly occurs with Lnversions which act as

:rapping layers, refracting oc bending EM energy toward the

-arth. Inversions are stable layers between warm, lry air

.10



alo'ft and cooler, more moist air below anid typically ex's-:

:1 aine surface high pressure regios xesv -areso

lo evel. stratus clouds often delineate areas ofduct

cccurrenCE:.

Ducting Is expected to be minimal near frornts and areas

c-, *orvective cloudiness. Fr o nts, wit-b thrir associ-at-d

upwa78 mo-.4or, often dissipate the 4inver!_s-_ons as the whcls

a:cclumr. becomes mi-xed. hr-eas of convec-tive a::ti-vi-y.

iet'ct:ible by ths presencce of z:umulus clouis, are also nor-

rna.2v invfrsicn free. Thus satellite infrared (IP) aria vis-

~>pho:..graphy sho uld provide means to estima-te ducting

The Navy employs a microzomputer- based sys--SIP, I "RE PS

(.er:d Pef racti*v Ef Fecr s Prediction Sys:em) (H4itney,

'c den.if dutin zoitors arid --o assess hne

Ce c-:s on various fleet EM emttcrs. IREPS =equires :ad:-

sords data as input.

11:e disadvantage cf !'REPS is -h a ;t)red;icts te duct -

r.,~ corlitiors only a, the radiosond.e :aanch sits and -nlyKat the scunding t6ime. is such, ---: is aot -a- IREPS wzaknecss

but more an -rherent weakness In single Et-:o. sesmn

The variabili-ty of the_ atmosphre makes projections in space

-- - --- -- -- -- - -- -



and2 predicticrse in t-ire of the ducting snvironment iportan.:

)z: the t*act:.c-ar.. While satellit-e data can Drovide some of

-:hs data necessary to make projections ;a spacs-, some-:h- i

e~.e s reeedto predict changes wit 'ime. conidrg

EMCON, the abllity tc forecast ducting fra 24 hour period

may be Cr _--al. Under str~ct EMCON conl.dInons radiosoness

cannot be laurnchsd because th signal they =m-4- while trans-

mitti6*nq data could act l'ke a beacon to h- st'le fcrces.

A predic :vs model exissfr hnesi he m:n

amospheri-c mfxed-layer. The mticro computer based model was

developed by --he Environmental Physics 3roup at the Naval

Postgraluate Schoo. (Davidson st al, 1933) . The model i

i n I - Ia 1 ,z e w--'h IREPS sounding d a ta, surface observatLons

of sea surfeacp em-oerature, w- nd spezi, and subsidance at

-:he irvs rsion.

U':~z~:a:hq HP-984&5 (whi-*h all carrisers currently have

cr. boarl for use as part of the !REPS syste m) and data in

:REPS 4-ozmat, '3r-ower (1982) developed a program to incorpo-

ra-6 '= -1h NPS -xed layer model to pred' :t changes in 4-h s

-efractivIty profile for a 32 hour period. The mciel

r-squires as irpul-s: surface wind, sea surface temperalture,

andanestmaed ubidence value as well as current 'r E.S

12
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sounding data ti D:c:kt~ Mi xed layer evolution and

rcrsul t ing char.ges inboth surfac- based and elevated duct:

h:-=4qhts up tc 1200 m al t- ;tuda .

The purpose of zhis te i a~ tc Pvaluate- this state cf

the art atmosphsric mixed layer- mcdel and its application --o

fleet tactics. The data utili--z-d i4r. th;is s--udy were from

radiosondes :aken by USS N'J.:,.-,* and USS CORAL SEA in lie

Arabian Sea inr the vi cinity oi' 2$1 361E ,a data-po'or area,

during February 1980.

z

z

z

LO)

+

z

40 E 50 '1E 60 0 E 70 aE 80 E

K Figqure 1. eqi-oral Chart- Showing Sounding Data Lcca:i-cr.s.
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II. TH MODEL DESCIPIDT1

A. MODEL OVERVIEW

The NPS mi-xed lay--. model is an int rated, -wo laye:,

zero-crier model whicb prsedizts changes i.a'' mar-.r.= atmos-

pheric boundary layer (MABL) below t-hs iiv=rs _or. :he two

layers ccns--st'- of the lower, well-mixed, uble:boundary

layer tcpped by the relatively non-uulr:fe atmos-

phere. The two layers are 39parated by ar- Jrvsn r

transitior zcn~e whi-ch is assumued to . ve z e -o r-hick-ess.

The predicted properties are:

(1) height of ,iversi-:n

(2) values of well-m'xe4d propez'=

(3) values of lumps a' the :nvzz= :,

(4) formation of clouds/fog wi_:h*ii_ ui, . mi-ced layer-

ProceduraL. uses are shown in Figure 2, and the sguations

will be presented in Section B. LnuSt hemdlae

(1) Radiosonde data

(a) Vertical distribuion off tempera-ture

* (b) Vertical distr ibution of mcisture

(2) Sea surface temperature

(3) Wind speed



(4) Subsidence

(5) Latitude

(6) Julian date

(7) Local time of sounding

From the predicted proper-.ies, a ref-act'vity profils is

produced usinq ehe refract v -y equa-:4n (Section B).

Observed and predicted sea surface tm:F. . :ure and wind

sp ed are input parameters. Subsidence :-ces are es-imated

from previous observations. L ati uds, Julian .ate, and

local times ae used to estimate inider t sola: radizion.

Ins
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INPUT
RADIOSONDE

DATA
(TEMPIHUMID

PROFILE)

INPUT DGTZ
INPUT SURFACE OSS VERITICAL

SUBSIDENCE VEREITETUCUR
ESTIMATE SST +WINDOTUTR

COMPUTE READ
CONDENSATION SSTWt)

LEVEL (LCL) WINDWt

LCL-c ZIRADIATIVE
COOLING

SURFACE FLUXMIELAR
& ENTRAINMENT T.HUM.DEPTH

COMPUTE NEW

(AND OPTICAL?
PROPERTIES)

F gure 2. NPS Mixed layer Liodel ?unctioral Block D4iagram.
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B. BASIC MODEL EQUATIONS

Once initial inputs have been made and the v e": - a!

s~ructure digitized by fitting straight l'ns -o a :.ae

the vertical profiles of temperature and humidi~y, u:c.s

lA, 1B, and IC are used to calzulate th,? flux sca2i.- param-

eters. The calculations are based on a-.---sea -m-x a-

-ure and specific humidity differences and ths wind .

The scaling parameters are then used t: e.stimate surface

fluxes of momentum, heat, and 2iosture in Ejuatirs 2A, 2B,

an I 2C.

Equation 3A is us _d to predict the zhan ge i. rix- V e-

properties by the difference between surface and_

fluxes scaled by inversion height. Eguation 33 ;s us-c: -o

pr=dict changes in the inversion hight by aidinr th- '-.ix

at the inversion scaled by the invecsion jump, a Telsur- of

the s :ength of the inversion, to the sunsidenc-. 7

3C models the change in the inversion jump by ccmbi,inq th-

effects of surface and inversion fluxes wi-h su-bsidence and

: -he change cf the inversion hqight d-mrmii4i in ugua-in

3B. This requires use of the ;radient of the prope:-y above

V. the inversion.

I 17



Flux Scalinq Parameters:

U, = Cd U (lA%

*= (e - Go) Ce 2 (0 B)

"= Ce4 (q - qc) (1C)

Surface Fluxes:

- 2- (U tw) U* (2 k)

- (WI" ) = UT* (2B)

(W' I)1 = U~q* (2 C)

Where:

Cd,Ce = stability dependant drag c:=.fficients

U = wind speed

U*,T*,q*= scaling paramaters of v-rtica!. turbulent

momentum, temp. and moi-ture 4ransfer

-(UI'W) = downward turbulent transfer of mcmertum

-(W'T,) = upward turbularit transfer of h-at

-.- -(W- = upward turbulent transfer cf mc--u-e

Predictive Equations (general _orm):

dXm/dt = (W'-X'c - W'i f(R)) / 4+ (3A)

-W X'- DX (dh/at - Ws) + f(R) (3B)

I (DX)/d- = Yx(dh/dt-Ws) - (W'X'o-WX'''+f(R))/h (3C)

18
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S. Where:

Xm = any well-mixed property: 9, 9v, or q

" = potential temperature

q = specific humidity

W'"X= turbulent vertical transfer (flux) of X

o subscript = "at the surface"

i subscript = "at the inversion"

": b = mixed-layer depth (or inversion height)

DX = change in X across the inv.rsion: (Xabove - X )

Ws = subsidence at top of inversion

Yx= vertical gradient cf X above inversion

f(R) = radiation factor

Pfractivity Equation:

= 77.6 P/T + 6 X 106 (IP/T) + .157 Z (4)

Where:

S= ~modified refractivi'y

P = a'mospheric pressure in miilib rs

T = temperature In Kelvins

Z altitude in meters

19
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1000%
Q M

E/

I500-
0 --- --

*5 10 20 25 30 350 400
glkg M UNITS

:igu:e 3. Vsr-4cal S-ructure of 9, q and Cor:espon-ding M!
Profile for a Typical Irnversioi (Mcdel

S 'plfica *on Is Dashed)

Fi.3 illuistrales :thp relationshio betwsen ver-tical

fstributicn. cf temperature anid humidit n hemdfe

f_1r activi4ty, M. I profiles are used as muode! output

bec'ause- of4 -.he qase wit-h whi-'h euc+ir- nfomaio car. be

r-xtrac-ed from them. The top of a duct zorresponds to :-h-

q h t ab o vs the sur face where -he .1 value Is a minimmum.

Trhe duct bass corresponds r-o the height_ at which a vartical

1ine drawn dcwnward from the point of minimu M value firs

int ersezzs a point: of equal M init-s or ths zurface.

20



C. SATELLITE DATA INPUT TO MODEL

Provision is made i-n the mo)dcl- for inccrporatinrg fore-

cast wind and sea surface temperature :hanges during the

pred~ction peri.od. Although the mixed layer 4s sensitive to

SST i i believed that accuracies of +/- 10C in SST are

sufficient for reasonable model. accuracy. Ste swar (1981)

:epor-ts the following satellize measurement capabilit _y has

oee. ahieed: NOA-6 (VRR nfrared radiometer: SST -o

.6 0 C (wit no clouds) ;SeaSa,: an d Nimbu-7 microwave zadiom-

ete9r (SM MR) SST to 1.0 0 C (with no rain, nc P.FI (radic fre-

quency interfererce) , and >600 km from land)

Satellite SST co uld be us el i t he --1 1x scali ng equati or

(1B) to determine go. Three methods aire currently used

aboard ship for SST determinartion: Bathythermographs, sea

water injecti-on -temperature, a nd the I bucket /thermometer'

e ethod. Nore of these yield the: actual sea surface "skin"

temperature which is the relevant quartity In the determina-

':or. of stab-l-ity and turbulent heat anl moisture fluxes.

Therefore, satellite measursite -s would not only 9ro vii'e

cloud descriptions over broad are-as, but would provide a

mear~s tlo obtain the "Skin" temperature.

21



III. ARABIAN SEA CLIMATOLOGY AND SYNOPTIC

A. CLIMATOLOGY

The cli-matology of the no~thern Arabian Sea is dominated

1-y the summer (southwest) atd winter (northeast) monsoons.

* The dama used in. this study ware from February luinig ths

-altter part cf the northeast monsoon which is characterizzd

*.by light off'Lshore winds averagi ng 5-10 knots, and normal

Hadley circulation with the subtropiLcal let located near 30

*N a- --he 200 mb level. Fi4g. 4 shows the avseracre pe::r cen- cf

-;me that, elevated ducts occur during Fsbruary to March i

ta-s regi.on.

22
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Figure 4. Freguency Cf Elevated Duct OcCurzence Durtna
Spr--:ng, after Lammers et a. (1980).

3. SYNOPTIC CONDITIONS

FNOC (Fleet Numerical Ocseanographic; Center) products

wers used t4-o describe teyn:isiut during t-he da~a

period. They were: Surface Analyses, 5)0 nib analyses w--h

Temperature fields, 300 nib arialyses, 233 nib winrd fields.

Also, NOAA-6 satelt htswr used determine cloud

coverage of the area as well as to zonfirit jet positions.

The syr.cptic s'ituatior. in '-he regior. from 6-23 February

1980 was ch.-aracteri zed by a B table high pressure surface

ridge over the Arabian peninsula and Arabiani Sea, with Low

pressurs troughs over the Red Sea to the west- and Indian

23



, subccntinent to the east. The mos- significant syootic

change occurred from 11 1o 14 February as an 853 mb low

moved across the northern par:t of the region. This low was

northwest of the Persian Gulf -t 30 degress North latitude

on 11 February and tracked eastward, arriving over northern

India on 14 February. It was during this brief peariod of

11-14 Fabruary that the minimam shipboard surface pressures

for the entire period were rerorded. Th_ minimum record.d

surface pressure was 1012.0 mb on 14 February.

Table I lists cloud coverage over the immediate area of

the dala. Low level stratus clouds were confirmed only on

13 February ard trom 19 to 21 February.

TABLE I

Data Area Cloud Coverage 9-21 Feb:uary 1980.

DATE CLCUD TYPE PRESENT

8-11 clear with scatte-red c_-.-us
11-12 no satellite ccverage
13 low level stratus:,! -r cirrus
14-18 clear with scattered ci s
19-20 cirrus and stratus
20-21 cirrus, stratus with maltilevel to NW

*determined from NOAA 6 IR imagerv
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An attemp6 was made to derive subs'ience values from

synoptic scale wind fields by alculating divergence at var-

fous levels. It was noted that at uppsr levels, wi.-n maxima

or jet streams had a dramatic influsence or divergerce pro-

fileS. Although the magnit.udes of vert:a motion obtained

fn this manner were inccnsisnt and highly variable, an

interesting and possibly significant observation was made.

The subt-cpical jet associ ated with the wind maxima dis-

cussed above is usually found at the .. r-hern limb of the

Hadley Zell (Fig. 5). it is at this northsrn limb where the

greatest downward motion or subsidence is found (Palmen and

Newton, 1969). Although this is a feature of the large

* scale circulation, it seems evident -hat the jet does have

.n effect which should be ronsidered in sinale F on

assessments whenever Fossible.

Changes in the subsidence rates caloliated by hindcast-

4nq and shown in Table II correlated closely with changes in

41 -hz. position and str angth of the upper level jet stream.

Juring the period 6-9 February there was a s-eady decrease

4n subsidence ra-es from -. 0070 to -. 0253 m/s. During the

same Deriod the tail of the 250 mb jet max moved steadily

eastward from a point due north of the data ar-ea. F:onm 6-11

2
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February the 300 mb jet max shifted northward away from -he

data areb.

TABLE II

*i Calculated Subsidence Pts

RUN 1 2 3 4 5 6 7 8 9
DATE 6-7 6-7 7-8 8-9 8-9 11-12 14-15 21-22 22-23

MET HOD
H -.30 -.70 -. 65 -.60 -. 55 -.55 -.75 -.31 -.50
Q + -1.72 + -.39 -. 06 -1.17 -.55 -. 41 -. 33
A -. 54 -. 46 -1.10 + + -. 37 -. 33 + -. 50

* subsidence rates in 7m/s.
** H hindcast, Q specific himility, A adiabatic

Fom 9-12 February, subsilence rates remained an -. 0055

M/s. .. so, no change in strength or position of the 250 mb

In cccu:red between 11 and 12 February.

A subside.nce rate of -. 0075 m/s was le-ermined for the

:=icd between 14 and 15 February which was an increase

-ince ohs 12th. The 300 mb jet strength-ned and shifted to

ths south toward the data area from 12-15 Fsbruary, and the

250 mb jet increased in strength from 14-15 F.bruary.

During the 21-23 February period, subsidence rates

increased fror -. 0031 to -. 3053 m/s. During this peric,

25
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bcth the 303 mb d -he 250 mb je- maxina moved close- ec

the data area wih h t 30 0 nib je' strengthening and the 250

mb jet weakenin.

Vertical
Radiative convection

300 sinking ~00

12km

Direct

Hadley 6km
Circulation

Okm
Subtropical high Trada winds Heating

Fiqure 5. Hadlv Cs!I and Sub--opizal Jet Positi.on Showing
Area Maximux Dcwnward Mo-ion, af.r=e Palmer an-
Newton (1969)
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V. THE MODEL PERFORMANCE

A. LtJCT PREDICTION

Each souncdrnq was rurn wit4h IREPS t6o establish a baselinle

* 6-to asssess the mode's ability to predict zhanges i-n ducting

con di ios. I,- was -her possil Io compa:e -he mnodel pre-

dicted duct hgn with *hose observel. Sever different

-- pairs of sourndin-gs v.re examined, with =each pa--.r separatsd

by 24 hours. Two ofhe h ou eriosha imlanos

spatially separated scundngs at the erd :f the periods. on

one occaffs~cn, r. e Co1 tbe seco:nd soundinnis was taken at a

location 425 nalinicaa miles to the southeast of the fi-rs-n

soundir.g.

-he observed wi*nds a-, thq start a and of .1he1 p=eriol

we=re used andi ::1rcltd2inearly within the period to

-.. ,ayth win-a :c: the preIdict ionr pseriod. Sea surface

temperature at the lati-tude and lo r.yi taI of the :n i:al

soundin~g and at t6he l:Atude and longi-tude of the ver~fying

sounding wiere also int:erpolated win--h-i -:r,-: psrid.

*Subsidence velocities w e e- de te r ied by h Ir dc astin g

such that the Predicted Inversion height agreed w it h t6hat
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cbssrved "n Ehe veri fying souni"_ng. Pr.dicted duzts using

-his ndcaE-;' subsidence are compared with IREPS observed

* ducts ir. Table II: . The 311S errors of the mode a-e

apprcximately one half the errors of persistence. Persis-

tence :s corsin red to be a "Drediction" of no change. I _

is frequen!.7 u17 d as a baseline against which predictions

z _re compDared 1-o de-termine if -he predizzive mrithod has

merit. These _=sults indicat- that when subsidence can be

accurately es:-imatel, the moiel's pe-f::mance is clearly

superior to persistznce In presictinq duct bases and tops.

TABLE III

Compar.son c- Observed Duct ,eiahts 4i-h Model Predic-_sd
Heiqhts Using Hindcast Suibside-r.: Values.

R UN INITIAL VERIFYING MODEL
NUMBF SOUNDING SOUNDING PREDICTION

1 788-993 473-877 345-740
2 788-983 633-988 500-960
3 470-877 46-504 0-370
4 47-504 3-135 0-170
747-504 0-304 0-158
6 no duct 3-584 115-375
7 '23-1031 248-569 0-495

ard 0-112
8 206-503 no iuc" 50-420
9 no duct 3-258 0-250

RMS ERRORS: PREDICTION ?ERSTSTENCE

TOP 179 364
BASE 1l1 214
THICKNESS 185 285

* heights in meters.
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1'gure 6. Mcdel Predicted Duc;s (dashed) vs. Obse=rvead Ducts

(scid) for the ?e-'d 6-8 Fbruary 1980.

For a true predictive appliration, at least 3 sequential

scund-.ns arc r.quirid. Th :ist and second sounding

nable the es imation of subsiinca. The model is then. ii-

--~a ted from -he second s ou nd ing usi a t h subsidence=

cbtairnel from the fi-rst and second. ThS third ssundlin is

used to verify the prediction. Gleason (1982) fcund that a

me thod which Is based on the will mixed spscific humidity is

an accurate method to calculate subs idenc. However, assum-

* inq persisterce in subsidence :_tes apDears to be -h- b-rst.
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A steady decrease in subsilence rates (Table !I) during

the first week of the data pariod coincided with a s-.eady

• decrease In surface pressure. The upper level jet st.ream

shifted away from the data area and weakened during this

pericd. This suggests that judicious modification of p er-

sismenca-obtained subsidence may be appropriate in some

*cases, especially when a trend has been observed.

From three p-riols having 3 sequental soundings, Tables

TV and V shcw the results of predictions. In the first

pericd (Run number 3), an elevated layer be came narly sur-

face based. The model prediztion was f.r a surface based

duc:. In :he second period (Run number U), a low elevated

duct became surface based. The model prediction matched the

cbservetion nearly perfectly. In the third case (Run number
9), a surface based duct formed when -h=re: was no duct ini-

iall1y. In this cas, -the mo-il predicted -he formaton - f

an elevated duct. While the predict- duct "n the third

case differed substatially in both heiah-: a,.-' thickness

from the observed duct, the model predict'on was significant

. because the occurance of a duct was predicted from an in:-

zial non-ducting condition.

I
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For this par'-i-cular comparison, the absolute er:ors are

more neiningful than rms error3. Two of three model. pr--

q:.c-ons are essentially on the mark whii1s all. of. the= err.or

is concentrated in the third. in the per=istence cases, the

e:=ors; are fairly evenly di-stributad.

TABLE IV

Comparison of Observed Ducts with Model PredIcted Ducts
Assum~ng Persist:?nt Subsidarizs.

RUN INITIAL VERIYI11 ~ MODEL
NUJMB ER SOUNDING SOUND ING PREDICTION

3 470-877 46-504 0-350
4 46-504 0-135 0-1"0
9 no. duct 0-258 490-820
*heaghts in me'ers.
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TABLvE V

Zz::o: Analysis of nodel PradIlction vs. Persistenz

ABSOLUTE ERROR 3 RUN RMS ERROR
RUN MODEL PERSISTENCE MODEL PERSISTENCE

3 TOP 154 373 336 337
BASE 46 424 284 246
THICKNESS 108 51 75 240

'4 TOP 369
BA SE 47
ATHICKNESS 5 323

9 TOP 562 258
BASE 490 0
THICKNESS 72 258

*hei_-;ghts in meters.

B. CLOUD PREDICTION

The coud ormaicn is predi cted on the bas4 s of ocr

r=nt Pr-?d.ct1cn of tha lI--tinq zondensationi level (LZL) and

the invs::-.ior height. If th-2 LCL is belo)w the invsson,

clouds occujr; if it is above, -io clouds ozccur. Whsn model

retd.Q.c-tcT.s show. d no low level clouds forminq,saelt

: -aqry confirmed t6here were nio low le=vzl clouds and th--

mesounding site either was zlear or sho)wed sca-6-ered high

C r:us clouds. T he formation of low lev-s. stratus clouls

was prd.iicted cn 3 occas;.ors over _hen:r period. Stra-

tus clouds were predicted t-o form at 2100 local time 11 Feb-

ruary. The first satelli-te Imagery available folo:wf-rg ti

-~me was at 0800 13 F=ebruary, and showed the presence of "-w

* .evel stratus clcuds (Fig. 8).
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Ficaure 7. Mc,!-=-. Prediztici--C' -Shwi g.LCL Droppi-na Beneath ths
Ir~verslon at 2100 11 ?zeb

*Clouds were orsdi'cted t,; form at 0500 15 February (25

hours into --h c 30 hour pred-1.tion). In this case "--he LCL

dropped sligqhtly below -6-h- erin but less sha7ZDly thar

ithe other cases. Sate' 'it e imagery from 15 February

shows no clouds (Fig. 10)

Satllteimagery shows the pesernca of low l-evsl s-zi-

tus clouds on -ha 2000 p s s 19 February and i-ncr eassi

"4 amounts on th- 0800 20 ?brua:y pass. Although no soundirgs

wezre avilae o -n:itiallze Th4 model pror t hs:~:~

formatio:n of clouds, or- the next avai'lab!= modsl run clcuds

were pradicted throughout: the peri,-od 3733 21 February to

0700 22 February. Satellite -ig-ery corfirm the'a presence of
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Fig.ure S. NOAA*6 Sa.tellite IR tm qc-ry fr.Dm 9800 13 February
Snow-ng The-Jc PriserncR F- a-u= Clouds.

toth c4irrus and s-:atus cL ,iis or- bo:t. the 0800 ar~d 2000

passes or. 21 February (Fig. 121,

Although -he sat=1llirz im-3g-rl ~yi was by reces-

sity, subjec-6.ve, s-ore objerc-t'vr=:v was =?tairned by :=nfi-rm-

ina t h - in--tia. an - lsi S wi- a szc:nl analysis by -a

in.depen:16nt souzce. Bo-- na vses ac:rsd or cicul -:ype S.

Si-nce the model could bp shown~ to bs _inc::rect- cn.y on cns

cccasion , -emodelA ovsralJ. oerformr.n=e In rdc.o--e
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forma:i. of low level clouds/fog was sight out o f nin=

cases correct or 897 correct.

C. EXAZINATION CF MOEL SENSITIVITY

Surface obsarvaticn cf sea surface temperature (SST) and

wind car be cbtai'.nei with an accuracy of +/- 10 C and +/- 2
.knons -espec-ively. To test the model sensitivity to these

possible measuremer- errors, suzcessive me)el runs ware made

with SS? 1C high=": and lower than observed. .he effect o;

wind measurement er-cr was valuated using wind v-aues 2

--nots -gher han observed. The resul .. duct Prvdictions

wee then cc pared with ducts predicted by actual observed

winds and SST-. r1.ble VI contains th tabulated results.

Non - :hat 'MS rrr :n duc- speciFcanins due -o Pc-e-

a. 33T meaurmen ro are approximatey double the RMS

error lue to o*t,.:'ial wind measurement error, one might

reasonably corclude SST determina:ion .s the more critic l

of the nwo pa~amelerrn. It is impra-ive to recognize that

the win! has a -iuch wider range of variab-Lity than the SST

and accurate specification of bonh oarameners ars -mportant

for good mode! performance.
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:1A BLE V7.

Sensitivity V4V -4 Model. Du&ct -:d:ctions to SST ard W-nd
Vaz-_t.ons.

RUN VEPIFYING ZST :SET WIND WI ND
NUMBER DbUCTS + .. 10 +2 KTS -2 KTS

1 3 45-740 400-, 00 3 115-715 390-810 330-725
2 500-960 780- 11 'qj42,)-870 625-1080 545-975
3 0-370 0-319E 0-3 60 0-400 3-365
4 0-170 0 -2 7 0-110 0-190 0-140
5 0- 158 0- 210 0-115 0-1j.1 0-130
6 115-375 1:') - c -7 - 0-80 25-310 0-240
7 3-495 29 0-430 )-440 0-510 0-450
8 t51 420 0-360 0-310 70-450 0-37)j
9 0-250 0-24.0 0-290 0-240 0-191)

Combined RMS error: SS T DU CT WIND

114 top 3
104 ba=50
107 h i C'ne ss 26

*heig h-;.s r, m et ers.

The mod.=Is aemcns4trat't- s e--sJ:t4vi ty to sea surra-_9

teamperatuze point-s to t npul f: accurca's SST determina-

t~ons Cu-ent- met hcds ? .eisu~e sea sur'Face t'moera-u-e

incl ude: mcr--n--g sea in ~ vjection tempsraturs (20-40

t.beneath tesurfacr7) B ~lzn T lrops (ge-:epea

:ure at abou- 1 f:);anr ttae bucket and thsrmome-r method

(get temperature of too few -- ::hes). Noaa of these met:-.cds

y 1 d t6he se,; su::face skin -.zmperatare whic'-h is -h=- auan.tity

nc-issary to determne the surface f.ux=es. The s- flaxes, :

turn, drive the svolution of t6he mixed lay:er, the nersn

a .I th us d uctinq conditons o f t h- .o ws a tmosp here.
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The 052340Z Febuary 1980 soualn"n was used to e s-

model sensitivity to varying bcid.r~ce rates. The hindcast

subsidence was -. 0030 m/s (Tabe 11 which resultsd In a

predicted 395 meter thick eleva =ed dact with the top a-: 740

meters elevation and the base at 345 rneters. Subsidence was

varied from this baseline value apn- deviations in the pre-

dicted duct height and thickness were recorded. This oar-

-icular soundirg was chosen b9:ause the associated initial
and verifying ducts were elevated, ihich allowqd the var-d

subsidence tc affect the position )f the pred'cted duct ir

both the upward and downward direc:.ons.

Deviations "r the luct =r9i:ctionz r_-ulting fr:o subsi-

dence specification errors of 4/- .3070 m,'s are 245 m a-: the

-- p, 269 m at the base, and 25 m in hi:kness (Ta be VI:).

Errors resulting from assuming pe_r -cn:e in duct heights

(Table I!I) are apprcx"nately equal to the errors resulting

from a subsi'dence s~ec'fication error of +/- .0030 m/s.
From this sinqle case comparis:n ,clea that the model

i a iirovement ovr Persst cei onl hen subsidence can

i bje sm~eifed - to within -L: .0030 mi.

The ranae of subsidence ralculata_ durina -h- short

pericd from 6 to 22 February 1980 in the data area was

40
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-.C30 to -. 0075 rn/s or -. 0W325 .1)0225' m/s. A 3ssuI:n q

thIs to be a normal range :variabilit7 an d t 1,e media n

value, -00525 m/s, t c be repr;?s _n:tv= of thz cl.mat ologi -

cal subsi-dence, then the "1c :.zat6clogiz:_aV' value Eapears to

be less tha. the +/-.0030 rn/s marginal iltcriron

This conclusion, based or. a li~~ddara se., eems to indi-

cize that a cli-matoloqical subsidsnce vai. culd provi-de a

duc: height forecast which, on the avsrajs, has somp skil

over persi.stence or a forecast -,f- no change.

In resali-y, errors will riot be coP-nf !1 d -o -ubsidence

alone, but will be caused by 3rro-s inoth=e: in-pu-:s such as

wid ndSS. hieSST, wr,4, and subs, *en.ce arr rs may be

cffsett-ir~g a4- times, there will be tinam-. whn n ?-hey will be

adi tIve. Wh':Pn all the errors ars a d, A. ve the expectesd

duct heightero fo: SST plus win.d meaS,.irpem-_nt cirrors are

169 m at the top and 154 m at the bc-,:n Clabie V)~. Gi-ven

Ihs errors due to assuming p ?_s:S-_:encz L a duct beiLghts of

36 L m at the It op and 214 m a:- the bass- :f :_'e duct (Table

IV) , the difference of approx-_aa.y 201) m a7- :he -op and 63

m at the base- indicate the maximum luct height erro,:r permis-

sie due tc subsi den ce speci fi'cat-or error _4S, In "he mean,

130 m. From Table VI, the si bsidence zsoecification error
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expected to produce this 130 mu duct he-it: P ?:ro

rately .-. 0015 rn/s.

Frcm the cases (.able I) iiwhi-:h the 1?es- rusbl

estimate of subsidence-, the hinicast vali=, -wa. asd th?

HIS model prediction error avearages 143 mi Issst~n ~ss

t9rce -arrcr. 14- will be shown la-e: hti sbiei

allowed to vaty from this "best R s -t- me. t a d~i:of

about +-.0017 rn/s will produzq th1e t!11Lt-oka 143 P ;rror

in height of duct top and basle neczessar7y 4--c render pr-

diction no better than persistancs.

In conclusi.on, evaluations of tlhs t:)el with: da'a

indicate that wi-th t he epct1 SST inl w-nd ziasu--e mei:t

errors, subsidence must be spe=Jifi-ed zo wihn*- 3'5r/S

for the model to consistently outperform oarsifstenca-Th

observed range of subsidsnce vralt rr hslrie

data set cf /-.00225 rn/s effactively :u>. : out h'se:

a climatclogical subsi*dence as a viabls inpv: parr.-.
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TABLE VII

Sensitivi7y of Model Duct Predictions to Sub_4 4- . .

SUBSIDENCE PREDICIED DUCT PARAMETEPS
(m/s) TOP CHANGE BASE CHANGE THICKNESS CHAN ;

.0800 1020 280 64i5 300 37-2
-.0005 70 230 585 240 3% -113-. 0310 910 170 535 190 371 -2o
-. 0015 865 125 480 135 315 -10
-.0020 830 90 430 85 400 5
-. 0025 785 45 389 35 405 10
-.0030 * 740 0 345 0 39q0
-. 0035 713 -27 312 -33 401 6
-. 0040 675 -65 250 -85 415 21
-. 0045 630 -1 10 225 -120 4-5 1)
-.0050 600 -140 180 -165 420 25
-. 0055 570 -170 145 -200 425 20
-. 0060 535 -205 110 -235 425 30

EMS !RROPS:

DEV:ATION F OM REFERENCE TXPECTED DEVIAT.-ON
SUBSIDENCE TOP BASE tHICKNESS (Ws X 24 hOurs)

-/- .0030 245 269 25 259
+/- .0025 202 221 22 216
/- .0020 156 178 23 173

./- .0015 118 128 10 130
+/- .0010 79 85 15 86

/- .0005 37 34 8 '3
* :eferenc? values

** heights in meters
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V. TACTICAL k.PPLICATIONS

The first consideration in tact,;cal applicatlon If

model Is the recognition of it11s capabilties and iiii~--a

.6ions. It can be used to esti;mate when low clouds or fn-,

can be expected to form. it can be use-d to estimat.: t-hs

expected position of low el.evat16ed and sur-face based duc~s

below 1200 m over an 18 - 24 hour period. However, :can-

n~ot Predict i-n-Fo~mation on upper level ducts.

The tacti4cal significance of knowing up 1-o 30 hou:r :

adanetht iibliy may be reduced or a low -e:.n

developed will depend on current and planred cpetati;.-ns.

The results presented --m Chapter IV B indi-cate t-hat th

model doe, s wsll 4in predi.cting low lemvel strtsfg

When fog or low level st11ratus clouds are predicted, the

following possi2ble sf fects onown and enemy forces in- each

warfare area should be considerad:

(1) maneuverabilit resr::ctsd

(2) los-t or reduced visual signalling =apab-11-'y

(3) reduced visual marget letec-tion/i-denti fication.

4(4) degraded opt 4±cal equipment performance

including IR weapons and sensors

(5) hampered flight operations for carrier based
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aircraft and LAMPS

Tactical employment of Naval assets r-guires a knowledge

of the state of the environment if thos- assets are to be

employed effectively. To that end, IREPS (IntegratA.d

Refractive Effects Prediction System) was developsd. When

radicsonde data are-A inpu- to IREPS, a refractivi-y profile

is generated which is utilized to define the location cf

ducts and to assess radar cov.erage, ESM and communication

ranges.

Because scundings are normally taken only cnce or twice

daily from aircraft carriers and the atmospheric boundary

layer underqces change, -here exists a need to be able to

predict changes in the refractivity profile between sound-

ings. This prediction can be critically impornant to battle

aroups n the positicning of both surfazs ar a-i-r assets,

and in the intelligent management of -he MCON plan.

The duct prediction capability, as letailed in Chapter

IV A, provides a significant planning tool. Tactical useage

- of the duct prelictions stems from the effects of ducts on

EM propagation. Prediction of a surface based duct mndi-

cates probable extended ranqes for t_ ansmitt er-receiverr[ antenna pairs in the duct and possible hol.s or gaps in
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c-overage just above the duct for arntennas in, near, -.r belo.-w

the duct.

The predicted M1 profil1 may be used as an environmental

data set tc run IREPS and -overage diagrams generated for

specific emitters. This prccaed-are was used with a hypot6-het-

ca!. surface search radar urder observed refracti4ve cond-

tions and model predictsd refractIve condi4tions. IREPS

Ver--s.;on 1.7 (unclassified) was used to gsa: rata the coverage

diagrams. Padar parameters for the hypozhzetical radar were:

Antenna height 110 ft., antenna type sin(x)/x, vertical beam

w I th 100, elevation angle 00, free space range 55 nauti Cal

m'les, and frequency 5 Ghz.

Clearly shown in Figs. 14 and 15 is 6is model's value in

p:sdic&'ing the occurance of 1-:w level lucts. The= =acar

coverags in _ig. 1'4 i-s sigri-ficant in that mhe initial oro-

pagation cor.ditions were for Sirface t-arget?, detecti-ons out

* to about 25 nm ard the predicted conditios were= rdrc

tions well -In excess of 100 nm. rbe Dredicted propagati4;on

conditiors were in clcse acreeme nt wit hoeosevd

Ar. example of how the modal might be used operationally

isas follows:

* () adiecsonde Is launched 'and surfac=e obse:rvat:;ons

* of SST and wind are recorded.
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(2) radi.osonde data are input toIREPS and coverage

'iiagrams are cenerated to make cucrnt assessments.

(3) radiosonde data and sucface observations areipu

tc the NPS model and a 30 hour prsdiction Is made.

(L4) 1. e predic ted M profi1-3is input t o I REPS an d

pzedictei coverage diagrams are generated.

(5) operational plans, inco)rporatig fLorscast ducti-,ng

effects, are proposed.

(6) tactical deci.-_ons, using --he environment -Io the

advantage of the force, are maie.
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in -a scenario similar to that observed in the Arabian

Sea 7 to 9 February 1980 when ain elevatsd duct became sur-

face based, many tactical considerations are involvel. Sup-

pose the batt-egopwatdt avoid detection by an enemy

force in the region. Forewar.iel that surface based ductirg

was expected to occur in 12 t o 18 hours and that UHEF radio

:a nsmzs sions, normally useful between ships only up to 25

o30 nautical miles, could be detected at ranges fn excess

cf 200 nautical miles due to duzting, thle battle gr-up comn-

miander would be able to Impose -a more restrictive EMZCON con-

* -iticn in adequate time to prevent hostile inteircept of th,:

4rour's transmissions. Alternatively, ifthe battle grocup

':ommeander expected to be opposed by acti ve surface search

za;:-, he could: initiate a premtv= attack before his-

:esenca was exposed; steam out of range; or, relax EMCON a--

the apprcpriate time.

For a bat-tle group in a multithreat snvizonment, early

:h!-reat detection is critical ti defeat the threat at m-A.n;mum

Kcost to the battle grcup's- offenisive caoabil-ity. The 12 -o

18 hour advance notice of surfaze based duating provides the

tactical planner the I-ool necessary to use his li-mited sur-

veIlance assets wit h the e fficien=cy neaee for sust-ained
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cp;erat'14_os and the effectivenass =aquirai for early threat

det'ection. Surface ships coull be positioned in sucH a way

as co -tak- maximum advantage of the extenled surface search

*radar ranges affcrded by the 3arface based duct. Airborne

surve'llance assets, freed from task of surface surv-il-1

Ian ce, could concentrat-e their efforts to)ward detsctirg and

airakn~~r targets. The net result i-s increased forcs

of effect _4Ye.-ess . Dependi-ng on the bF.ttle group's speed and

the picke t staton a ss igned, the sirfacs ship may requ;_re

se veral hours to reach the assigned statio)n, thus making the

lead tizE providsd by the predicti-on all ths more impor-tant.

The 2mir.(, of war at sea strikes to coinci de wi th. pr s-

dic-ted ,-c-urrence of a surface based duct could give consid-

ertbl -ciantzaqe to the stri4ke aircraft by anabl.ing them to

1.se Predicted holes d'ust above? the duct 4.o penetrate enemy

su'eiJ.a:.ce and to use the luct- for targeting and jamming.

:such a case, a 12 to 18 hour prediction provides time t

celan ai4ss:on ta ctics, arm aircraf t, and conduct missicn

briefs.

When sonobuoy patterns are laid and n.onitored by LAMIPS,

one constraint or. placeme:nt of the bouys i-s LAMPS' on sta-

t on endurance. When a surfacez based duct occurs, sonobcuvs
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ca~ r, mion ted at greatzr distances. Predictilr. in

a v a ,cc- of surr-cs based ducti.g provi'des the lead tiJme nec-

s-3sary tc plar arA1 lay bouy pitterns at Iistarces from the

bittle group whi-'ch take advant!ge of the extended monitoring

ranae.

r
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V7. CONC LES:OU01S AND RECQM11ENDAT IONS

Th Tctca.En virnmna up System (TESS) ,cur-

rently under development, 'till incorporat1-e various satellifts

deri.ved pro!_1cts, aril sincle staticn assessment systems such

as IREPS and ths NPS mixed la~yer model. This wil place

state of the art env-,onm, tal sensing and predictiv= capa-

bil1ity at the disposal cf thnse who need the information:

-he cperaticral commanders.

Based on evaluations with a limite-d data set, the NPS

model has been demon strattid io perform well both i-n pre--

dictions of 1c level clond formation arl in predictions of

low elevati-d and surfac-, bas-:?d du ct s. Furt her work i

required to detsermJier 1:.- mo,:.-3's rangse of appli-cabilifty

both geo graph I zall Y and, sqas or. all1y. I is believed that

when s ab sid enrce ca n b e sper:I fied with an accuracy or

+/-.0015 m/s, --he model can be used to accurat-ely forecast

low leve.l ducts. Two add' t4onal rzcommendat6-ons ars

detaile1d In the following paragraphs.

6In tactical situations where --he out~ome may depend on

accuracy of duct predictions, a. method *s needed to verify
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the prsdctior.. A radiosonde launch may be imracr-ical d-.ie

to EICON conditi-cr-'. A-,zo~s: sounler car be used to

measure the height of the inv:son whi:h, as shown in FiJg.

3, cor-espends to the top of t Le d uct. Davidson ,et al

(1982) , while conducting marinie atmospheric boundary layer

rssearch, utilized th.4 econcmizal azousti- sounder on R. V.

ACAN1IA to moniter inversion height. Usii a combination of

daily radiosondes, NPS model duct_ prediztions, and peri-odic

acoustic soundings -,o track the inv sr sior height would pro-

vi'de improved capability to a se th e envi=rment. it is

therefore reccmmsnded that similar acoustic sounders be

instlldon. aircraft carriers.

Demerml-ninq appropriate t.-mpE :ature and humidity pro-

files luring initialization Df the model is a possible

source of error. T here are two schools of thought whi-ch

differ on the appropriate height 'Ocr the inversionintl-

zation. Sounding data typicall.y show -:he inversiLor as a

layer 100 to 200 meters -thick, while'= th? model requires a

si.ngle heiqht to be spqcified. 0n.e school suggr-sks that the

bottom of the inversion layer isbest_ whi le '-he second sug-

gssts that the midpoint of the layer is most reasonable.
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The work in this thesis ased the f),rm=- method. The

model predictions (Table III) show a bias ir that nearly all

of the predicted duct heights are lower :h. those observed.

This seems to indicate thea i versi n heights should be

digitized at the midpoint of the lay-r Instead of at the

bottom. It is recommended that further w:)r: be done in this

area to establish a mcre objective meth--d of digitization.

The NPS atmospheric boundary layer m.d1zl could provide

the fleet a predictive capability and actical planning

IooI. Consideration should b-. given mo .ntroducing it into

*the fleet for operational eva'Luat--or. re nee:d to under-

stand the model assump+ions in crdez -a ssess model appli-

cability in a given environmenta! situat. -n, the ned for

accura-te subsidence estimates, and zhe rguirenen: for sur-

face wind predictions preclule model iastallation except

,' where qu lified personnel are ass"gned. In -his regard, the

* model should be installed at loci ons (arcraft carr iers)

where -here are Geophysics Officers wt ca.n interpret and

use the model as a tool along with oth - meteorDlogical

in formation.
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A PPENDIX A

RADIOSCNDE TIMES ANt" LOCATIDUS

TABLE VIII

Radiosonde Data Set.

SOUNDING SHIP DT: LkT IT[;DE LC3;GIT]DE

1 NIIMITZ 052340Z 23 0 12'N C-;1 0 09'E
2 NIMITZ 070020Z 22 0 38'N 061 0 361E
3 CORAL SEA 070030Z 17040'N 065 0 511E
4 NIMITZ 0723 33Z 230 37'N .161 000'E
5 CORAL SEA 082240Z 23o00'N 0"-10 111E
6 NI MITZ 082333Z 23o131N 01 0 00 E
7 NIMITZ 1100 14Z 23017'N 3,61 0 59 E
8 NIMITZ 112346Z 23 0 10'N 061 0 01'E
9 NIMITZ 1323 07Z 23 0 03'N 064 0 30 E

10 NIMITZ 150013Z 230111N 061 0 07 E
11 NI MITZ 21)300Z 2 0 01'N 05,30 32 E
12 CORAL SEA 212035Z 230 06'N 061 0 121E
13 NIMITZ 212244Z 23 0 18'N 06')0 58 E
14 CORAL SEA 222015Z 23 0 38'N 063 0 091E

* date-time groups February 1930

TABLE IX

Radiosondes Used in Mola1 P-_=formanc . nuns.

RUN NUMBER 1 2 3 4 5 6 7 8 9
SOUNDINGS:

INITIAL 1 1 2 4 4 7 9 11 12
VERIFYING 2 3 4 5 6 8 10 12 14
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